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Abstract: High conservation of glycyl residues in homologous proteins is fairly frequent. It is com-
monly understood that glycine tends to be highly conserved either because of its unique Ramachan-
dran angles or to avoid steric clash that would arise with a larger side chain. Using a database of
aligned 3D structures of homologous proteins we identified conserved Gly in 288 alignment positions
from 85 families. Ninety-six of these alignment positions correspond to conserved Gly residue with (¢,
) values allowed for non-glycyl residues. Reasons for this observation were investigated by in-silico
mutation of these glycyl residues to Ala. We found in 94% of the cases a short contact exists between
the CP atom of the introduced Ala with the atoms which are often distant in the primary structure. This
suggests the lack of space even for a short side chain thereby explaining high conservation of glycyl
residues even when they adopt (¢, /) values allowed for Ala. In 189 alignment positions, the conserved
glycyl residues adopt (¢, /) values which are disallowed for Ala. In-silico mutation of these Gly resi-
dues to Ala almost always results in steric hindrance involving CP atom of Ala as one would expect by
comparing Ramachandran maps for Ala and Gly. Rare occurrence of the disallowed glycyl conforma-
tions even in ultrahigh resolution protein structures are accompanied by short contacts in the crystal
structures and such disallowed conformations are not conserved in the homologues. These observa-
tions raise the doubt on the accuracy of such glycyl conformations in proteins.
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Introduction of the (¢, Y) space with positive ¢ angle is disal-
It is well known for about 50 years now that allowed  lowed for non-glycyl residues due to the steric hin-
conformational space for the glycyl residue is far  drance involving the C® atom in the side chain; that
more than that of the non-glycyl residues.® Much is, there is no space to accommodate a carbon atom
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in those backbone conformations.® Therefore, it is
not surprising that glycyl residue with (¢, ) values
disallowed for non-glycyl residues is conserved in
homologous proteins. Glycyl residue with such con-
formations are usually present in loops or B-turns
enabling a critical chain reversal or located at the
termini of helical or B-strand regions eliciting the
start or stop signal for the helical or B-strand
region.*”

Sometimes glycyl residue is conserved in func-
tional sites of proteins. Indeed a comprehensive
analysis of enzyme structures suggests that presence
of glycyl residues in the active sites provides flexibil-
ity to the active sites.® A well-known example is the
Asp-Thr-Gly motif occurring in the catalytic site of
aspartic proteinases® and retroviral proteinases.!® It
is also well known that glycine-rich motif plays role
in phosphate recognition as seen in protein
kinases.!! Given the fact that glycyl residue lacks
typical functional groups commonly seen in active
sites of proteins it is hardly surprising to note that
glycyl residue is conserved more often for the struc-
tural reasons than functional reasons.

From comparison of Ramachandran maps for
Ala and Gly, it is clear that glycyl residues can adopt
conformations which are allowed for alanyl residue.
Indeed site-directed mutagenesis of two glycyl resi-
dues (Gly 77 and Gly 113) in T4 lysozyme with (¢,
) values allowed for Ala resulted in mutants with
three dimensional (3D) structures highly similar to
that of the wild type.''3 The (¢, y) values at Gly 77
and Gly 113 in the wild type are (—67, —43) and
(=71, —18), respectively. In the two Gly — Ala
mutants, the (¢, ) values at Ala 77 and Ala 113 are
(=64, —44) and (=72, —9), respectively. The (¢, )
values in the mutant are only slightly different com-
pared to the wild type and the methyl group in the
Ala side chain has been accommodated in the 3D
scaffold with small adjustments in the structure.
Given the fact that all the (¢, ) values allowed in
the Ala Ramachandran map are also allowed in the
Gly Ramachandran map one might expect that a
glycyl residue with (¢, ) values, for example, in
a-helical or B-sheet regions of the Ramachandran
map may not be well conserved.

Although it is clear that glycyl residues adopt-
ing (¢, ) values disallowed for non-glycyl residues
is commonly conserved, we addressed the question
of conservation of glycyl residues when it adopts
(¢, ) values allowed for non-Gly residues. Much of
the left side of the Ramachandran (¢, ) plane (with
¢ negative) is allowed for non-glycyl residues apart
from being allowed for glycyl residue. However, in
our current analysis we notice that in many homolo-
gous protein families glycyl residue with (¢, ) val-
ues allowed for non-glycyl residues are conserved.
We provide here a comprehensive analysis of such
glycyl conformations and explain why a glycyl resi-
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due may be conserved though its (¢, ) values are
allowed for non-glycyl residues. In addition, we pro-
vide an analysis of conserved glycyl residues with
(¢, ) values allowed for Gly and disallowed for non-
Gly. Further, we investigated glycyl conformations
observed in proteins that are disallowed even for
glycyl residue.

Results and Discussion

The database of PALI' consists of structure-based
alignments for 1922 families with each family con-
taining at least two homologous domains of known
3D structure. For the current analysis, we have con-
sidered those families containing at least five homol-
ogous protein domains each and these yielded 673
families. From these families, we identified 346 fam-
ilies with at least one alignment position in which
Gly is completely conserved. From this dataset, we
identified 85 families each with at least one constitu-
ent member of known 3D structure with a crystallo-
graphic resolution 1.2 A or better. The presence of
ultrahigh resolution crystal structure in each family
is ensured to have a high confidence especially on
the conformations that are disallowed for Gly or
non-Gly. It has been shown previously that the
extent of occurrence of disallowed conformation in
the Ramachandran map is quite low in the ultrahigh
resolution structures.!® The number of alignment
positions with complete conservation of glycyl resi-
due in 85 families is 288.

In this analysis, we have concentrated on the
conserved glycyl residues with (¢, ) values allowed
for non-glycyl residues. We asked the question “what
is the reason for the occurrence of glycyl residue
although the (¢, ) values are suitable to accommo-
date a non-glycyl residue?” The number of alignment
positions in 85 families with complete conservation
of glycyl residues with (¢, ) values allowed for non-
glycyl residue is 96. Figure 1 shows the distribution
of (¢, ) values of glycyl residues in this category
from protein domain structures with crystallo-
graphic resolution of 1.2 A or better. As can be seen
from Figure 1, the (¢, ¥) values are confined to the
allowed region of the Ramachandran map of Ala.
This category of glycyl residues is referred as
“category A.”

In 189 alignment positions with complete con-
servation of Gly, the (¢, ) values are allowed in the
Gly Ramachandran map and are disallowed in Ala
Ramachandran map. These glycyl residues are col-
lectively referred as “category B.” The higher num-
ber of alignment positions with Gly conserved with
such (¢, ) values compared to category A is under-
standable as (¢, Y) values of Gly in category B are
unsuitable to accommodate non-Gly residues accord-
ing to Ala Ramachandran map. Figure 2(a,b) show
the distribution of glycyl conformations, in ultrahigh
resolution protein structures, with (¢, V) values

Glycyl conformations in homologous proteins



180

re v
—
60 -
Vo
60
120 -
80 foetteaPe = \
-180 -120 -60 0 60 120 180

0

Figure 1. ¢,  plot of conserved Gly in homologous protein
structures determined at ultrahigh resolution with the (¢, V)
values allowed for non-glycyl residues (Category A). Ala
Ramachandran map is also shown.

allowed for Gly and disallowed for non-Gly. In
Figure 2(a), the (¢, ) plot is superimposed on the
Ala Ramachandran map and in Figure 2(b)the same
(¢, ) distribution is shown superimposed on Gly
Ramachandran map. It can be seen that these glycyl
conformations are allowed according to the Gly
Ramachandran map and disallowed according to Ala
Ramachandran map.

In our dataset, we found only three examples of
protein structures with the ultrahigh resolution in
which the (¢, y) values at a glycyl residues are
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disallowed even for glycyl residue (Fig. 3). These gly-
cyl residues are collectively referred as “Category
C‘77

Conservation of Gly with (¢, ) values allowed
for non-Gly— Category A

As mentioned before in 96 alignment positions corre-
sponding to conserved Gly residues, the (¢, {) values
are allowed for non-Gly residues (Fig. 1). To identify
the reason for the conservation of glycyl residues in
these alignment positions, we performed in-silico
mutations to replace such Gly residues, in ultrahigh
resolution structures, to Ala. We investigated if a
short contact involving CP atom at the sites of muta-
tion is present in the mutant. Interestingly in 85 out
of 96 alignment positions, the C? atom at the sites of
mutation showed short contact. Thus it is clear that
the reason for conservation of Gly in these over-
whelming majority of cases is the lack of space even
to accommodate the second smallest residue, namely,
Ala.

Ramachandran et al. did not find any short con-
tact when Gly adopted these (¢, ) values allowed
for Ala. However, it must be recalled that Rama-
chandran et al. used a model system comprising of
two-linked peptide units with Gly at the linkage. In
principle, even when the (¢, ) values are allowed
for Gly, short contact could exist in specific cases of
larger system such as proteins.

One of such example is depicted in Figure 4 is
the protein cholesterol oxidase (IN4W)!® the Gly at
position 21 occurs in a helix with (¢, ) values of
(—61.3, —42.9) and if we mutate it to Ala, CP is
involved in three short contacts all with Thr 473
which is sequentially well separated from Gly 21 but
it is proximal to Gly 21 in the 3D structure. The
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Figure 2. Plot of (¢, ) values of conserved Gly in homologous protein structures determined at ultrahigh resolution with the (¢,
) values allowed for glycyl residues superimposed on (a) Ala Ramachandran map and (b) Gly Ramachandran map (CategoryB).
Solid and dashed lines in (b) show fully and partially allowed regions, respectively.
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Figure 3. ¢,  plot of conserved Gly in homologous protein
structures determined at ultrahigh resolution with the (¢, ¥)
values disallowed in Gly Ramachandran map (Category C).
Solid and dashed lines show fully and partially allowed
regions, respectively.

distance of the side chain hydroxyl group and the
main chain carbonyl carbon and carbonyl oxygen of
Thr 473 from CP of A21 in the mutant are 2.6, 2.7,
and 2.2 A, respectively. However, according to Rama-
chandran et al.' the shortest approach distance
between nonbonded C--O and C---C are 2.7 and 2.9
A, respectively. Aside from short contacts another
unfavorable feature is the proximity of the carbonyl
oxygen (polar group) to the methyl (apolar) group in
the side chain of Ala 21.

However, in small number of 11 out of 96 align-
ment positions with conserved Gly, the G — A
mutant did not show short contact. It should be pos-
sible to accommodate at least Ala residue in these
positions. As our dataset is confined to homologous
proteins of known 3D structure, a protein domain
family is not completely represented in our dataset.
It is possible that many homologous proteins with
yet unknown structure might have accommodated
non-Gly residue in these positions. Therefore, we
searched the Swiss-prot'” sequence database to iden-
tify an elaborate list of homologues of the proteins of
known structure and we probed the extent of conser-
vation of Gly by considering all the recognizable
homologues. Table I lists the percentage conserva-
tion of Gly in 11 alignment positions for which no
short contact was found when mutated to Ala. It can
be seen from the table in none of the 11 cases the
Gly is completely conserved. The occurrence of non-
Gly residues in these alignment positions is consist-
ent with our observation that there is no short con-
tact in the 11 cases if Gly is replaced by Ala.
Another interesting feature with the list of 11 exam-
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ples is that in almost all the cases the Gly is
observed at the functional site of the protein. It is
unknown whether the side chain of a non-Gly resi-
due, if present in the place of Gly, will compromise
on the conformational flexibility which may be
required in many of the functional sites of proteins.

Conservation of Gly with (¢, ) values allowed
for Gly but disallowed for non-Gly— Category B
Number of alignment positions in the dataset of
homologous protein structures in which glycyl resi-
due is conserved with (¢, ) values allowed in Gly
Ramachandran map and disallowed in Ala Rama-
chandran map is 189 [Fig. 2(a,b)]. Given the unique
tendency of glycyl residues to adopt such a confor-
mation it is not surprising to find such a large num-
ber of Gly conserved alignment positions adopting
(¢, ) values which are disallowed for non-Gly. On
the basis of the work by Ramakrishnan and Rama-
chandran,? it is clear that these (¢, ) values are
disallowed for non-Gly because one or more short
contacts are noted involving C? atom if we have Ala
in the place of Gly. Therefore, one would expect
short contact involving CP atom in the in-silico Gly
— Ala mutants corresponding to 189 Gly conserved
alignment positions. Indeed in 184 out of 189 Gly
conserved positions we noted that the short contact
involving CP of Ala at the site of mutation. There-
fore, the reason for the conservation of Gly is clearly
lack of space to accommodate a side chain.
Interestingly, in 5 out of 189 cases we did not
notice short contact in the Gly — Ala mutants. We
investigated all the nonbonded interatomic distances
in the vicinity of CP in the Gly — Ala mutants.
Table II provides the list of ultrahigh resolution
structures corresponding to this five alignment

Figure 4. Example showing the conserved Gly mutated to
Ala involved in short contacts. Cartoon representation of cho-
lesterol oxidase (1N4W) shown in brown color in which Gly
21 which is mutated to Ala is shown as stick representation
in red color. The residue Thr 473 is involved in short contact
with CP of Ala 21 (G — A mutant) and it is shown in stick rep-
resentation in blue color. The atoms C® of A21 is involved in
short contacts with OG1, C and O of Thr 473. The short con-
tact distance is marked and denoted as dotted lines.

Glycyl conformations in homologous proteins



Table I. List of Gly Residues, in Ultrahigh Resolution Structures, Corresponding to 11 of the Gly Conserved Align-
ments Positions in which the ¢, s Values are Allowed for non-Gly Residues and Gly — Ala In-Silico Mutant has no

Short Contact

% conservation of

PDB Residue Gly in sequence Functional
S no code number @ v homologous significance References
1 Imln 87 —61.5 —52 84 In functional site Einsle et al., 20028
2 1mln 94 —56.6 —36.2 83 In functional site Einsle et al., 20028
3 1mso 8 56.2  —136.2 76 In functional site Smith et al., 2003
4 1n62 697 —62.9 —40.2 87 In functional site Dobbek et al., 20022°
5 1n62 114 —-68.1 —-35.7 80 In functional site Dobbek et al., 20022°
6 loxd 127 -119.2 136.2 90 In functional site Bae et al., 20032
7 1tjx 374 —-176.7 177.8 91 In functional site Cheng et al., 2004%
8 2fn3 427 —68.5 159.7 86 In functional site Magrane, 20117
9 2nmz 27 -84 —4.2 94 In functional site Tie et al., 2007%
10 1kqp 48 -94.4 170 89 In functional site Symersky et al., 200224
11 1y93 257 -57.6 —-53.3 92 Not in the functional ~ Bertini et al., 20052°

site

positions. Table II also lists selected nonbonded dis-
tances of CP of Ala at the site of mutations along
with the shortest approach distance between those
nonbonded atoms according to the contact criteria
established by Ramachandran et al.' The last col-
umn in Table II shows the difference between the
distance of possible shortest approach and the
observed distance in the mutant. It can be seen that
the difference between the observed distance and
threshold distance for the short contact is of the
order of 0.01 A. Therefore, these nonbonded atom
pairs managed to have a distance just at the thresh-
old of acceptance of short contact-free distance. In
our previous analysis,?? we have shown that genuine
disallowed conformations occurring in ultrahigh
resolution protein structures and in small peptide
structures the short contacts are avoided in the crys-
tal structures by small and acceptable deviations in
the bond lengths and bond angles at peptide units
from the ideal values proposed by Corey and Paul-
ing.?” These (¢, ¥) values are considered disallowed
by Ramachandran et al. using their model system of
two-linked peptide units in which they have used
ideal bond lengths, bond angles and perfect planar-
ity of the units. Therefore, we believe that these five
exceptional cases are actually corresponding to the

borderline of allowed and disallowed nature of their
(¢, ) values.

Conservation of Glycyl residue with (¢, ) values
disallowed in the Gly Ramachandran map—
Category C

As mentioned before, there are only three ultrahigh
resolution structures in which a Gly residue is pres-
ent with the (¢, ) values disallowed even in Gly
Ramachandran map (Fig. 3). Table III lists these
three cases. It can be expected from the fact that
they occur in disallowed region that these glycyl con-
formations are associated with short -contacts.
Indeed in all the three cases we noticed short
contacts in the corresponding crystal structures
(Table III).

In our previous analysis,?® none of the disal-
lowed conformations we noted in ultrahigh resolu-
tion protein structures and peptide structures
correspond to the short contact in the crystal struc-
ture. The expected short contact has been avoided
by very small deviations in bond lengths, bond
angles, and peptide planarity from ideal values.
Therefore, it is surprising to find short contacts in
the wultrahigh resolution crystal
proteins.

structures in

Table II. List of Ultrahigh Resolution Structures Corresponding to Conserved Gly Positions with (¢, 1) Values Dis-
allowed for non-Gly and Shows no Short Contact in Gly — Ala Mutant

The shortest possible
approach distance

One of the nonbonded Observed (normal limit) proposed Difference in the
PDB Residue distance involving C# distgnce by Ramacha&ndran two nonbondoed
Sno code number ® W at the site of mutation (A) et al. (A) distances (A)
1 lod3 51 72.3 —165.5 CP51—050 2.81 2.8 0.01
2 lod3 127 75.9 —162.8 CP27—-N128 2.92 2.9 0.02
3 1w6s 2539 60.7 —163.6 CP2539—-C*2540 3.02 3.0 0.02
4 1Indw 19 -83.9 -—157.9 CPF19—-N20 2.92 2.9 0.02
5 1mso 8 56.2 —136.2 CP8—O7 2.82 2.8 0.02

Lakshmi et al.
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Table III. List of Conserved Gly Positions with (¢, 1) Values Disallowed in Gly Ramachandran Map and Shows

Short Contact in Crystal Structure

Short contacts

The shortest possible
approach distance

Short contact distances Observed proposed by
PDB Residue involving CB at the distgnce Ramachanﬂdran

S no code number 1) W site of mutation (A) et al. (A)

1 2g58 30 70.1 —28 CP30—C*23 2.5 3.0
CP30—-C23 2.1 3.0
CP30--023 1.8 2.8

2 1w6s 2175 130.5 20.6 CP2175—-02155 2.7 2.8,
CP2175—-C2174 2.8 3.0
CP2175—-02174 2.4 2.8

3 2jhf 236 139.4 -9.9 CP236—C235 2.7 3.0
CP236--0235 2.3 2.8

In our earlier work,?® we showed that the disal-
lowed (¢, ) values are only moderately conserved in
homologous protein structures. Only in very small
proportion of cases when the residue is involved in a
functional feature the disallowed nature is com-
pletely conserved. Figure 5 shows the (¢, ) plot of
glycyl residues conserved in the three alignment
positions. It can be seen in every case many of the
glycyl residues in other homologues adopt a (¢, ¥)
value that is allowed for glycyl residue. Nonconser-
vation of disallowed nature in the three alignment
positions along with the observation of occurrence of
short contacts even in ultrahigh resolution protein
structures raises doubts on the accuracy of the
structure of the local region.

Conclusions

The Ramachandran map elegantly highlighted the
basis of higher backbone conformational freedom of
Gly residues over other residues. Impact of the Ram-
achandran map made us believe the conservation of
Gly residues in the homologues proteins is almost
always due to the Gly adopting the (¢, ) values
which are prohibited or unfavorable for non-Gly
residues. For the first time here, we have shown

that even the glycyl residues adopting (¢, ) values
which are allowed for non-Gly residues can be
highly conserved. We propose on the basis of our
analysis that the reasons for this conservation are
primarily the lack of space to accommodate the side
chain. As shown in our analysis, short contacts
involving the CP atom of Ala, which is modeled in
the place of conserved Gly, are present in over-
whelming majority of the cases. Therefore, depend-
ing on the tertiary fold, protein structures are
constrained for space for accommodating side chain
even when the backbone conformation is suitable for
accommodating a side chain.

It has been established by Ramachandran et al.
that the (¢, ) values which are allowed only for the
Gly residue would correspond to conformations with
short contact(s) involving a CP atom, if Ala is pres-
ent in place of Gly. We have shown from our current
analysis on protein structures “this rule” is almost
always obeyed. Almost all such Gly residues in pro-
tein structure could not be replaced by Ala as there
is no sufficient space available to accommodate the
methyl group in the Ala side chain.

Our analysis raises a new challenge of predic-
tion of conserved Gly residues with conformations

(a)

(c) 180

-120

-60

-120 4

Figure 5. (¢, y) plots of conserved glycyl residues in the topologically equivalent positions corresponding to Category C. (a),
(b), and (c) correspond to the (¢, V) plot of glycyl residues in the topologically equivalent positions in the homologues of 2G58,

1W6S, and 2JHF, respectively.
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prohibited for non-Gly residues over conserved Gly
residues adopting conformations suitable for non-
Gly residues.

Despite enormous conformational freedom at
glycyl residues and even in the ultrahigh resolution
crystal structures of proteins, glycyl conformations
with (¢, ) values disallowed for Gly have been
noticed although the number of such occurrences is
very small. In all these cases, steric clashes have
been observed in the crystal structures. Occurrence
of (¢, ) values at topologically equivalent glycyl res-
idues in the homologous proteins at the allowed
regions of the Gly Ramachandran map suggest that
the disallowed glycyl conformations may correspond
to errors in the structures.

Materials and Methods

Dataset generation

The database of Phylogeny and ALIgnment of
homologues protein structures (PALD' which con-
tains structure-based sequence alignments of pro-
tein domain families has been used in the current
analysis. In PALI domain family datasets and
domain definitions are taken from the database of
structural classification of proteins (SCOP version
1.75).2° For the current analysis clearly, orphan
(families with only one member of known structure)
families are unsuitable and therefore are not con-
sidered. We further filtered the PALI dataset using
the condition that a family should contain at least
five homologues of known structure for inclusion in
our analysis. Out of 1922 multimember protein
domain families, there are 673 families obtained
with at least five homologous structures in each
family. It was also ensured in these families that at
least one glycyl residue position is conserved among
its homologues according to the multiple structural
alignment obtained from PALI and it resulted in
346 families. Further, there are 85 families chosen
from these 346 families in which each of the family
has at least one structure with ultrahigh resolution
of better than 1.2 A.

The (¢, ) values at each of the conserved glycyl
residue positions are calculated in 85 families. There
are 288 alignment positions with conservation of
glycyl residue that are considered for further analy-
sis. Many of the glycyl residues from these align-
ment positions present in ultrahigh resolution
structures were mutated in-silico to Ala and the
short contacts, if present, involving CP atom at Ala
were identified using the contact criteria proposed
by Ramachandran et al.' Further these conserved
glycyl residues from these 288 alignments positions
were classified into following three categories.

Category A: Glycyl residues with (¢, y) values
that are allowed for non-glycyl residue according to
Ala Ramachandran map. There are 96 alignment

Lakshmi et al.

positions corresponding to this category (Supporting
Information Table SI).

Category B: Glycyl residues with (¢, ) values
that are allowed in Gly Ramachandran map, but,
disallowed in Ala Ramachandran map. There are
189 alignments positions in this category (Support-
ing Information Table SII).

Category C: The glycyl residues having (¢, )
values that are even disallowed for glycyl residues
according to Gly Ramachandran map. There are
only three alignments positions corresponding to
this category.
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